Community compositions of ectomycorrhizal (ECM) fungi are similar within the same 25 host taxa. However, careful interpretation is required to determine whether the 26 combination of ECM fungi and plants is explained by the host preference of ECM fungi 27 or by the influence of neighboring conspecific and/or heterospecific hosts. In the present 28 study, we aimed to evaluate the effects of host species on the ECM community 29 compositions in a forest landscape (~ 10 km) where monodominant forest stands of six 30 ECM host species belonging to three families were patchily distributed. The ECM 31 communities were identified with DNA metabarcoding. A total of 180 ECM operational 32 taxonomic units (OTUs) were detected. The ECM community compositions were 33 primarily structured by host species and families, regardless of the soil environments 34 and spatial arrangements of the sampling plots. In addition, 38 ECM OTUs were 35 detected from particular host tree species. Furthermore, the neighboring plots harbored 36 similar fungal compositions, although the host species were different. The relative effect 37 of the spatial factors on the ECM compositions was weaker than that of host species. 38
Introduction
4 factors), making it difficult to separate the effects of host and other factors. Second, in 72 mixed-forests, ECM fungal communities are inevitably affected by the surrounding host 73 species. That is, since most fungal spores fall within several meters from sporocarps 74
[16], the spatially closer trees potentially share more inoculums. Furthermore, the same 75 ECM fungal individuals can be shared between adjacent trees via belowground mycelia 76
[17]. Therefore, ECM fungal compositions can be similar among spatially close host 77 trees, regardless of the host taxa [18] . Thus, in most field studies, the effect of each 78 factor has not been fully separated and the effect of host has not been accurately 79 evaluated [8] , even though the effects of each factor on ECM fungal communities were 80 evaluated simultaneously. 81
Among these problems, the correlation between host and other factors and the 82 effects of surrounding host species can be eliminated by conducting surveys in several 83 patchily distributed monodominant forest stands. If the host species has a strong 84 influence, the ECM composition would cluster by host species, regardless of the spatial 85 arrangements of the forest stands. On the other hand, if other environmental factors or 86 spatial distance have stronger effects than the host species, the ECM fungal community 87 compositions should resemble among environmentally similar or spatially closer sites, 88 regardless of the host species. 89
In the present study, we aimed to evaluate the effect of host trees on ECM 90 fungal community compositions relative to the soil environments and spatial distance at 91 a forest landscape (~ 10 km). Study forests include monodominant forest stands of six 92 ECM host species, including three broad-leaved tree species belonging to the families 93
Fagaceae and Betulaceae and three coniferous species belonging to the family Pinaceae. 94
These forest stands are patchily distributed over a forest. In this setting, we analyzed (1) 95 distributed on clear-cut areas such as road side and timber yard. The coniferous 118
plantations are monoculture and coniferous species, such as Larix kaempferi (Lamb.) 119
Carr., Abies sachalinensis F. Schmidt, and Picea glehnii F. Schmidt, have been planted 120 from the 1960s to the 1980s in this forest station. Abies sachalinensis and P. glehnii are 121 common species in the Hokkaido Island, but are not naturally distributed in the forest 122 station. Larix kaempferi does not occur naturally on Hokkaido Island, but was 123 introduced from Honshu Island in Japan for afforestation. Approximately 70% of the 124 total area of the forest station is covered by deciduous broad-leaved forests, and the 125 remaining area is occupied by plantation forests in which tree species L. kaempferi, A. 126 sachalinensis, and P. glehnii cover approximately 14%, 8%, and 2%, respectively. 127
Six tree species (three broad-leaved and three coniferous species) were targeted 128 as host species. For each host species, three stands (approximately 0.4 ha) where the 129 targeted species dominated as an ECM host species, were chosen as sampling plots 130 6 soil (10 cm × 10 cm × 5 cm from a depth of 5-10 cm), including tree roots within 1 m 134 from each tree trunk. All host tree individuals were spaced at least 3 m apart from each 135 other, thus minimizing the spatial autocorrelation effect of individual ECM fungi [19, 136 20 ]. The blocks were kept in plastic bags and frozen at −20°C during the transport to the 137 laboratory. A total of 180 blocks (6 host species × 3 study plots × 10 soil blocks) were 138 used for the study. 139
In the laboratory, fine roots of trees were extracted from the soil samples using 140 a 2-mm mesh sieve and gently washed with tap water to remove the soil particles and 141 debris. In each block, 20 individual root segments (approximately 5 cm in length) were 142 selected, and one root tip (1 to 2 mm in length) was collected from each root segment 143 under a 20X binocular microscope. The 20 root tips resulting from each block were 144 pooled and kept in a tube containing 70% ethanol (w/v) at −20°C. Before extracting 145 DNA, the root tips were washed to remove the small particles on the root surface by 146 0.005% aerosol OT (di-2-ethylhexyl sodium sulfosuccinate) solution (w/v) and rinsed 147 with sterile distilled water. The root tips were then transferred to the tubes containing 148 cetyltrimethylammonium bromide (CTAB) lysis buffer and stored at −20°C until DNA 149 extraction. 150
151

Soil properties 152
Mineral soils (0-10 cm in depth) were collected by a soil core sampler (surface 153 area was 20 cm 2 ). Five soil core samples were collected at the distance interval of 1.5 m 154 along a straight line from each plot and composited for each plot. The composited soil 155 samples were dried at 70°C for more than 72 hours and sieved through a 4-mm mesh 156 sieve to remove fine roots, pieces of organic matters, and gravels. Total soil N and C 157 were determined by an NC analyzer (Sumigraph NC-900, Sumika Chemical Analysis 158 Service, Ltd., Osaka, Japan), and the soil pH was determined by a pH meter (HORIBA 159 D-51, Horiba, Ltd., Kyoto, Japan) after extraction with deionized water at a dry 160 soil:water ratio of 2:5 (weight/weight). The bioinformatics analyses were performed using the methods described by and the number of reads for the OTUs identified are given in Table S1 . To screen for 213 the ECM fungi, we referred to the reviews by Tedersoo et al. [34] and Tedersoo and 214
Smith [35] and assigned OTUs to the genera and/or families that were predominantly 215 ECM fungi. The resultant ECM fungal OTUs (ECM OTUs) were used for further 216 analyses (see Table S1 ). 217 218
Data analyses 219
For all data analyses, the presence or absence of the ECM OTUs was used as 220 the binary data, rather than the quantitative use of read numbers generated from 221 amplicon sequencing [36, 37]. All analyses were performed using the R package, 222 v.3.4.4 [38] . Differences in the sequencing depth of individual samples affect the 223 number of OTUs retrieved, often leading to the underestimation of OTU richness in the 224 samples that had low sequence reads. In our dataset, because the rarefaction curves for 225 all samples reached an asymptote ( Fig. S1 ), we did not conduct rarefaction analysis. 226
The OTU compositions were compared between plots. First, the presence or 227 absence of ECM OTUs was recorded for each sample. Subsequently, these presence or 9 plot were generated (n = 10 for each plot). The max occurrence of each OTU was 10 for 230 a single plot. To examine the ECM OTU composition, the dissimilarity index of OTU 231 composition between plots was calculated using the Bray-Curtis index in which the 232 incidence of OTUs is considered. In addition, we used the Raup-Crick index in which 233 only the presence or absence of individual OTUs at each plot was used to confirm the 234 robustness of the results, regardless of the other dissimilarity indexes used. The Raup-235
Crick dissimilarity index is a probabilistic index and is less affected by the species 236 richness gradient among sampling units than the other major dissimilarity indexes, 237
including the Bray-Curtis index [39] . The community dissimilarity of ECM OTUs 238 among plots was ordinated in nonmetric multidimensional scaling (NMDS). The 239 correlation of the NMDS structure with host identity and geographic (i.e., latitude and 240 longitude) and environmental (i.e., elevation, soil pH, and soil C/N ratio) variables was 241 tested by permutation tests ('envfit' command in the vegan package, 9999 242 permutations). Subsequently, in order to investigate whether the dissimilarity of OTU 243 composition is related to the host (species or family) and geographic positions of the 244 plots (latitude and/or longitude), one-way permutational multivariate analysis of 245 variance (PERMANOVA) was conducted. 246
We used variation partitioning based on the distance-based redundancy 247 analysis (db-RDA, 'capscale' command in the vegan package) to quantify the 248 contribution of the host, environmental, and spatial variables to the community structure 249 of ECM fungal OTUs. The relative weight of each fraction (pure, shared, and 250 unexplained fractions) was estimated following the methodology described by Peres-251
Neto et al. [40] . For the distance-based redundancy analysis (db-RDA), we constructed 252 two models including environmental and spatial variables. The detailed methods for 253 
Results
274
Taxonomic assignment 275
In total, the filtered 204 627 pyrosequencing reads from the 180 samples were grouped 276 into 488 OTUs with 97% sequence similarity (Table S1) The NMDS ordination showed the separation of ECM OTU composition among plots 286 ( Fig. 2 , stress value = 0.125). The ordination was significantly correlated with the host 287 species and family ('envfit' function; host species, R 2 = 0.851, P < 0.001; host family, 288 R 2 = 0.559, P < 0.001), but not with the latitude, longitude, elevation, soil pH, and C/N 289 ratio of the plot (latitude, R 2 = 0.029, P = 0.795; longitude, R 2 = 0.052, P = 0.670; 290 elevation, R 2 = 0.1456, P = 0.308; soil pH, R 2 = 0.1099, P = 0.4047; soil C/N ratio, R 2 = 291 0.0243, P = 0.8334). In the PERMANOVA, both host species and host family < 0.001; host family, F-value = 7.02, R 2 = 0.484, P < 0.001). In the variation 294 partitioning, only host tree species identity was selected as an environmental variable, 295 and two MEM vectors (MEM 4 and MEM 2) were selected as spatial variables (Fig. 3) . 296
The percentages explained by the environmental and spatial fractions were 28.7% and 297 5.4%, respectively, and no shared fraction was detected between the environmental and 298 spatial variables (Fig. 3) . In total, 34.1% of the community variation was explained and 299 the remaining 65.9% was unexplained. Using the Raup-Crick index did not affect the The indicator taxa analysis comparing the ECM communities among the host 303 tree species detected significantly different host preferences of 38 OTUs (p < 0.05 after 304
Sidak's correction, Fig. 4 ). For each tree, three to nine ECM OTUs showed significantly 305 higher frequencies of occurrence than the other tree species. Different ECM OTUs 306 belonging to the same genus preferred different host tree species. (e.g., OTU_085, 307 OTU_071, and OTU_168 belonging to the genus Russula preferred Quercus, Betula, 308
and Picea tree species as host trees, respectively). In addition, for OTU_109 and 309 In the present study, we clearly showed the relationships between host species and the 316 ECM fungal community composition by investigating the monodominant forest stands 317 of six ECM host species. We quantitatively evaluated the effect of abiotic 318 environmental and spatial factors on ECM fungal communities in the field, thereby 319 demonstrating the relative importance of host. In our study, the ECM fungal community 320 composition was primarily divided by host species and/or family. In variation 321 partitioning, any part of the fraction explained by host was not shared by the 322 environmental or spatial factors, indicating that we successfully evaluated the pure 12 effect of host in the present study. From this variation partitioning, we could infer the 324 relatively higher importance of host compared to other environmental and spatial factors. 325
In addition, some OTUs showed preference to specific host tree species in our field and 326 could partly contribute to the compositional similarity of ECM fungi within the same 327 host species. 328
Our results clearly demonstrated that the ECM fungal composition were 329 primarily clustered by host species and phylogeny rather than the soil environments and 330 spatial arrangements of the plots. Similar ECM fungal community composition within 331 the same host species and/or phylogeny has also been detected in other sites and host 332 taxa [4, 8-10, 12]. These similarities in ECM fungal community compositions have 333 been related to the preference of the fungi and/or host tree to partner species, although 334 the exact mechanism of the preference has not been fully revealed. compositions among host species in the field. In addition to these direct interactions 340 between host tree and ECM fungus, environments that the host tree generates (e.g., soil 341
properties) [44, 45] or the interaction with other organisms under particular host species 342 such as soil bacteria or fungus might generate different ECM compositions among host 343 tree species [46] . 344
In our study, the host species has a primary effect on the ECM fungal 345 community composition. However, as the present study is based on the field 346 observation, we cannot infer a causal relationship between a host species and an ECM 347 In our site, the detection of some OTUs was biased to specific host species (Fig.  357   4) . These OTUs might have a high host preference (Fig. 4) Hemisphere [11, 47] , and its preferred host tree species might be different among 365 genotypes and/or habitats. Our results indicate that the degree of preference and the 366 preferred host is different at the fungal species or genotype level, rather than at the 367 genus or family level in our study forests. 368
Besides host species, the effect of spatial distance on the ECM fungal 369 community composition was detected. This indicates that the ECM fungal compositions 370 become similar at spatially close sites, regardless of the host trees. For example, in the 371 present study, the ECM fungal communities were similar between the Betula and Larix 372 forests and between the Abies and Larix forests (Fig. 2) . These high similarities of ECM 373 compositions can be partly due to the geographical closeness of the Betula 2 and Larix 2 374 plots and between the Abies 2 and Larix 3 plots (c.a. 100 m, Table 1 and Fig. 1 ). As 375 factors that lead to such spatial structures at a small spatial scale (c.a. < 100 m), 376 dispersal and colonization limitations can be suggested. Though the dispersal distances 377 of fungal spores are not fully understood, a previous study revealed that most spores fall 378 within several meters from sporocarps [16] . Thus, spatially closer plots potentially share 379 more inoculums. Moreover, in spatially closer plots, the same ECM fungal individuals 380 can be shared between different host species via belowground mycelia. Such sharing of 381 inoculum and/or mycelia might result in the sharing of ECM species between different 382 adjacent tree species [17, 18] . In our study site, for example, OTU_109 was detected 383 both from Betula 2 and Larix 2. This OTU prefers Betula (Fig. 4) ; therefore, the 384 detection of this OTU from the Larix plot might be due to the infections induced by 385 mycelia. As few studies have investigated the distance limitation in such infections via 386 host needs further investigation. Nevertheless, in our results, the ECM fungal 388 communities were shown to be similar between neighboring plots existing within a 389 distance of 100 m, although the host tree species were different. Such spatial structure 390 can hinder the investigation of fungal-plant combinations caused by partner preferences. 391
In summary, in the present study, we clearly demonstrated that the ECM fungal 392 communities were primarily structured by the species and families of hosts in a forest 393 landscape. Our results further suggest that the preference of fungi and/or host to partner 394 species can primarily structure ECM fungal compositions in the field. In addition, in our 395 study site, the neighboring plots harbored similar fungal communities, though the host 396 species were different, and the effect of the spatial distance on the similarity was also 397 suggested. Therefore, in order to clarify the preferred host species of individual ECM 398 fungi in fields, further studies considering the spatial configuration of the host tree 
